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It has been reported that running patterns changed when mileage was increased and, in particular, that foot pronation increased during landing. [1] [2] [3] [4] Some authors 5 speculated that, with less active eccentric control of the foot invertor muscles, runners would be at higher risk for injuries due to decreased functioning of normal foot pronation to accommodate the impact loading.
According to a recent paradigm of muscle tuning, 6 the impact loading in running is an input signal to the body that initiates vibrations of the soft tissue compartments of the leg. These vibrations are heavily damped, and this paradigm suggests that the muscles adapt to different input signals to minimize the vibrations. Because the foot invertors are the major rear-foot stabilizing muscles to check pronation, if they become less efficient in controlling foot pronation while running, this loss of efficiency would lead to higher plantar forces on the medial structure.
The "motion control" design is a common technology used in running shoes that aims to check excessive foot pronation so as to prevent pronation-related injuries. The most popular mechanism of motion control design is using duo-materials that have different deformation rates in the midsole of the shoes. [7] [8] [9] [10] [11] At the touchdown phase of a gait cycle, the foot lands on the lateral aspect of the heel; a softer lateral flare of the shoes would decelerate the pronation movements of the rear foot by giving additional cushioning against the impact, whereas a firmer medial midsole could stop the foot from excessive pronation. 1, 7 However, the efficacy of motion control technology is controversial. Various investigators 8, [12] [13] [14] [15] [16] [17] [18] have reported different results for rear-foot pronation with use of motion control shoes. Clarke et al 8 reported successful control of excessive rear-foot movement by use of footwear with motion control features. Perry and Lafortune 14 echoed this finding with use of a different wedging angle of the footwear. However, these studies adapted a 2-dimensional analysis of foot motion, which might induce projection error. The studies by Nigg and Morlock 13 and Stacoff and colleagues, [15] [16] [17] however, did not come to similar conclusion. Stacoff et al, 15 using bone pin markers and 3-dimensional analysis, demonstrated that movements of the rear foot were not significantly affected by different heel-flare designs. Stacoff et al, 15 however, tested only 5 subjects, and this small subject sample might be the main reason for their nonsignificant results.
These controversies also could be due to the incomparable methods among the studies. None of the previous studies provided information on the foot type screening of the subjects. Heterogeneity in foot type could result in various foot motion patterns, thus rendering the results inconclusive. Short running distances and a limited number of trials were other common limitations that may lead to a statistical type II error. 19 In a recent study, 1 we found that foot pronation was effectively controlled during a 1.5-km running bout when runners used motion control footwear. However, the results of that study focused only on the kinematic data and not on the plantar force distribution. Plantar force evaluation with pedography is used to determine specific loading characteristics at the sole of the foot, which reflects the amount of stress acting on the foot structures in real time, and this information may provide clues for identification of pathological running patterns that may be useful for injury prevention. 20 Compared with traditional forceplate measurement, one significant advantage of plantar force evaluation is that multiple steps can be collected more easily to simulate the actual sequence of locomotion with a less robust analysis method. 21 Therefore, the application of plantar force measurement is more popular among researchers for investigation of the shoe-foot interface.
A study by Willems et al 22 showed that runners with exercise-related lower-leg pain had higher plantar pressure over the medial foot structures than over the lateral foot structures. Another study 23 also demonstrated a positive relationship between metatarsal stress fractures in runners with increased plantar loading on the toes. Plantar pressure measurement is commonly used to evaluate the efficacy of orthoses in patients with diabetes mellitus or rheumatoid arthritis. 24,25 However, its application for evaluation of sports footwear is less common. If there are differences in pedographic measurements when runners use different footwear, these differences will shed light on footwear selection for preventing running-related injuries among runners who are at high risk for such injuries.
The literature contains little information on the efficacy of motion control shoes and particularly on their effects on the plantar force distribution pattern during landing. Therefore, the objective of this study was to compare pedographic measurements before and after a moderatedistance running session in 2 footwear testing conditions-wearing motion control shoes and wearing neutral shoes-in recreational runners.
Method Subjects
Twenty-eight female recreational runners with clinical signs of overpronating feet were invited to participate in the study. After the first asFootwear and Plantar Forces During Running sessment, 3 subjects were excluded because their rear-foot pronation fell short of the required range. The mean age of the remaining 25 subjects was 23.5 years (SDϭ6.8). Other demographic data about the subjects are presented in Table 1 . Each subject had regularly run at least once per week for no less than 1 year prior to the study. None of the subjects were supported by any running club, and their main reason for running was to improve physical fitness. They also did not participate in other recreational sports. Their average running distance per week was only 2.1 km (SDϭ1.2), which indicated that they were at most recreational runners.
Professional or higher-level runners were excluded because they are highly trained and usually run much longer distances than the test distance of this study. In addition, a previous epidemiological study 26 revealed that these runners were less prone to foot pronation-associated injuries than amateur runners. Only female subjects were involved in this study because of potential gender differences in the movement pattern of the lower extremity during running, 27-29 which can be used in running shoe design to control the effects of differences in shoe construction between running shoes for men and women. Subjects with injuries to their lower limbs that required medical treatment within 6 months of the beginning of the study were excluded. The subject pool comprised only runners who were free from any known musculoskeletal or cardiopulmonary problems and recreational runners with clinical signs of potential foot pronation problems, as evaluated by kinematic measurement (VICON hardware model, V-370,* and Workstation 4.0 software*). 1 Furthermore, by revealing the subjects' running pattern using an in-sole sensor, † "non-heel-strikers" (those who land on their midfoot or forefoot rather than their heel) were excluded.
Testing Procedure
All subjects gave their written informed consent before being tested. Two types of standardized footwear-motion control shoes (Adidas Supernova Control ‡ ) and neutral shoes (Adidas Supernova Cushion ‡ )-were provided to all subjects. The neutral shoes were designed to reduce the impact loading rate, but they have no known effects on foot motion control, and there was no reported difference in the kinematic profiles between barefoot running and running with neutral shoes. 17 According to the manufacturer's information, 30 the construction of these 2 models was similar except for the midsole material. For the Supernova Control shoes, 2 levels of hardness were introduced on the lateral and medial parts of the heel to control rear-foot motion. In the Supernova Cushion shoes, the midsole material consists of a single level of hardness. Otherwise, the 2 models are comparable, with similar designs for the heel counter and upper sole.
To ensure that data were collected under similar shoe fitting conditions, shoes of the same size were provided to each subject during both testing conditions. The same pair of laces, which had color markers to guide the positions of knots, were used in the 2 shoe models. This helped to standardize the shoe fitting in both testing conditions. We used treadmill running in this study because it was more stable and easy to control than running over ground. Even though minor differences such as shorter stride length, higher cadence, and a shorter nonsupport phase existed in treadmill running, these differences could be minimized with practice. 31 A speed of 2.78 m/s (10 km/hr) was chosen for this study to simulate the speed at which the subjects would normally run. As the subjects recruited in this study used to run on treadmills in fitness clubs and the testing speed was similar to their usual running speed, the adaptation period would be relatively short. Because there was no reported literature describing the adaptation time required, self-reports from the subjects and hand-off from the treadmill railing were regarded as signs of adaptation. Although there was no actual measurement for the length of this period, it was typically well within 1 minute according to our observations of the subjects.
Kinematic Measurements
The detailed procedure for obtaining kinematic measurements has been reported by Cheung and Ng. 1 To quantify the loading in different areas of the foot, the insole was subdivided into 10 anatomical regions ( Fig. 1) according to a previous study. 21 In each area, the mean maximum plantar force 40,41 derived from 25 steps was taken as the primary outcome measure of this study.
In each testing session, the system was calibrated before use. The left insole was connected by leads to an 8-bit analog-to-digital converter box, which was suspended on the railing of the treadmill. The converter box was connected to a laptop computer for data collection. Another insole sensor without connection was put on the right shoe to minimize the running pattern disturbance.
Immediately before and after the running trial, a handheld dynamometer (MicroFet2 force gauge) § was used to measure the isometric strength (force-generating capacity) of the left foot invertors. Each subject was asked to stand next to a wallmounted dynamometer with the left first metatarsophalangeal joints comfortably positioned on the dynamometer pad and the ankle-foot complex in a neutral position. A stick marker was used to ensure the same foot position for the retest measurement. The right leg was positioned exactly one step behind the left leg, and both feet were a shoulder width apart (Fig. 2) . The subject was asked to maximally § Hoggan Health Industries, 8020 South 1300 West, West Jordan, UT 84088
Figure 1.
Division of plantar force distribution. Anatomical regions: 1ϭmedial heel, 2ϭlat-eral heel, 3ϭmedial midfoot, 4ϭlateral midfoot, 5ϭfirst metatarsal head, 6ϭsec-ond and third metatarsal heads, 7ϭfourth and fifth metatarsal heads, 8ϭhallux, 9ϭsecond toe, 10ϭlateral toes.
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invert the left foot during testing for 3 seconds. Three measurements of maximal voluntary contraction (MVC) were taken, and the mean value was used for analysis. An unpublished pilot study involving 10 subjects who were healthy demonstrated good intrarater reliability (ICC [3, 1] ϭ.77), and the upper and lower bounds of the 95% confidence interval for the ICC were .938 and .324, respectively. The subject with the lowest MVC had measurements of 4.1 to 13.3 kgf, and the subject with the highest MVC had measurements of 8.1 to 16.5 kgf. Instruction and demonstration were given to the subjects to avoid accessory movements such as hip adduction, hip medial (internal) rotation, and trunk rotation. The whole data collection process was monitored by an experienced physical therapist who gave immediate feedback to the subjects if accessory movements were noticed. The drop in inversion force after running was monitored. This drop in force output might reflect some degree of fatigue of the muscle group responsible for controlling foot pronation instead of being an indication of general exhaustion. This study comprised 2 testing sessions conducted at 1 week apart. Before each session, a standardized warm-up stretching exercise of the quadriceps femoris, hamstring, and calf muscles was performed. Subjects were allowed some treadmill exercise practice to adapt to the speed of the treadmill. The first session was with neutral shoes assessment, which aimed to identify the natural running pattern of the subjects. Only subjects with maximum rear-foot pronation of Ն6 degrees 32,34,35 in the neutral shoes assessment proceeded to the next session. The second testing session was with the motion control shoes. Data were recorded before and after the 1.5-km run in each testing session.
Subjects ran on a leveled treadmill at a speed of 10 km/hr. The plantar force data were collected for 25 steps of the left foot starting from the moment that the subject had caught up with the pace of the treadmill without holding on to the railing. The subject continued to run for 9 minutes (1.5 km) at that pace, and the plantar force of another 25 steps toward the end of the run was measured for analysis. Immediately after running, the inversion strength of the left foot was measured to monitor the level of drop in MVC of that muscle group.
Data Analysis
A 2 ϫ 2 repeated-measures analysis of variance (ANOVA) (general linear model) was used to test the effects of timing and shoe type on the regional mean peak force. Both shoe and timing were treated as the within factors. Because the tests were done repeatedly for the 10 anatomical regions, a Bonferroni adjustment was applied, and alpha was adjusted to .005. A simple paired t test was done to detect differences between subjects' MVC of foot inversion before and after the 1.5-km running bout.
Figure 2.
Position of isometric strength measurement of the left foot invertors.
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Initially, 28 subjects signed up for this study, but 3 subjects were excluded after the kinematic assessment because their rear-foot pronation was less than 6 degrees. No subject was excluded due to musculoskeletal injury or non-heel-strike landing pattern.
Data of the remaining 25 subjects were used in the analysis. Their kinematic response to motion control is illustrated in Figure 3 . It suggested that the rear-foot motion was controlled by the motion control shoes even after the 1.5-km run. The rear-foot pronation measurements are shown in Table 2 . Other detailed data sets are reported elsewhere. 4 The MVC produced by the foot invertors was reduced by an average of 30% to 40% in both shoe conditions (PϽ.01) after the run (Tab. 3). The repeated-measures ANOVA revealed a significant interaction for the factors of time and shoe type at the area under the medial midfoot (Pϭ.001). Therefore, these 2 factors were analyzed separately. Pedographic analysis (Tab. 4) revealed that, for the neutral shoe condition, there was a 15% increase in peak force in the medial midfoot region (364 -418 N, Pϭ.001) after the run. There was an 8% increase in peak force over the first metatarsal head region (524 -565 N, Pϭ.021). In the motion control shoe testing condition, the plantar force remained similar (Pϭ.572) among the different anatomical regions.
Discussion
The aim of this study was to compare pedographic measurements taken before and after a 1.5-km running session in 2 different footwear conditions. Our findings indicated that the peak plantar force varied according to different footwear and timing of the test.
The drop in MVC after running was monitored only for the invertor muscle group. This drop should not be interpreted as an indicator of general muscle fatigue or cardiovascular exhaustion. Furthermore, the reduction of MVC, which is a static measurement, may not directly reflect the change in dynamic activities such as running.
The skill levels and endurance of the recreational runners recruited for this study were not very high; thus, a relatively short running distance of only 1.5 km effectively led Effects of footwear and exercise on rear-foot angle.
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to a 30% to 40% drop in MVC of their foot invertor muscles. Furthermore, recreational runners are more susceptible to running-related injuries 26 ; thus, the findings of this study would be more clinically relevant to this population.
The pedographic data without zonal analysis did not detect any significant difference in plantar force measurement when rear-foot pronation was increased. Similar findings also had been reported by different researchers. 13, 14 However, when the data were analyzed on an anatomical zonal basis, the results for the neutral shoe condition suggested that the medial foot structure sustained a higher loading at the end of the running bout. Although there was an 8% increase in loading under the first metatarsal area, the P value of .021 fell between the conventional alpha of .05 and the Bonferroni-adjusted alpha of .005; therefore, judgment on its significance is suspended. 42 Neutral shoes, with the midsole material consisting of a single level of hardness, were not able to control excessive rear-foot motion. 1, 17 We hypothesize that, after 1.5-km run, the foot invertors, which stabilize the rear foot, had become less efficient in controlling foot pronation and that the increased pronation movement could have led to an increase in plantar force on the medial structure. Such an increase in plantar force on the medial side of the foot could result in an extra moment to the foot structure so that additional muscle work is required. This phenomenon could be regarded as muscle tuning with respect to a different surface and environment. 6 This paradigm was first proposed by Nigg. 6 The impact forces at heel-strike can be regarded as an input signal to soft tissue vibrations. The muscle tuning paradigm refers to the adaptation of muscles to different input signals so as to minimize these vibrations. When the muscles are fatigued, they are less efficient; thus, the muscle tuning system becomes less responsive to the impact force, which may alter the movement pattern. 6 Furthermore, according to 2 recent prospective cohort studies, such an increased plantar force pattern could be associated with exercise related lower-leg pain in runners 22 and metatarsal stress fracture. 23 The pattern of plantar force was not different in the motion control shoes testing condition before and after the 1.5-km running bout. This finding suggested that not only were the motion control shoes able to control rear-foot motion after a moderate running distance, 1 but they also checked the build-up of plantar force.
Motion control shoes usually contain duo-material in the midsole, with a firmer medial aspect to stop the foot from excessive pronation. In order to control excessive rear-foot movements, motion control shoes usually have firmer midsole materials, which could result in a relatively high average plantar force. In future studies, testing shoes with similar firmness is warranted.
There are some limitations in this study that need to be considered when using the findings. Only female runners were tested; thus, the findings may not be applicable to male runners because it has been reported that female runners demonstrate more diverse lower-extremity movement patterns than male runners. [27] [28] [29] All subjects in this study had more than 6 degrees of rear-foot pronation. However, there was no consensus in the literature for classifying overpronators. The cutoff value in this study was taken as the mean of the cutoff values used in previous studies. 5,34 -36 The clinical applicability of this cutoff value has not been tested, and the results may not be generalized to people with different rear-foot pronation.
Moreover, only the foot invertors were examined in this study. Whether other muscles of the leg also contribute to rear-foot stabilization or the involvement of other Finally, the running distance of 1.5 km is considered to be a short distance for people who run for fitness. It is not known whether the motion control shoe design would have the same beneficial effects in longer running distances. A longer distance was not tested due to the low exercise tolerance of the subjects. The subjects in this study usually ran 2.6 times per week (SDϭ1.4 times per week) for an average distance of about 2 km, which fell short of the American College of Sports Medicine guidelines for the minimum amount of physical activity required for health and well-being. 43 Therefore, caution should be exercised when applying the present findings to more serious runners.
Conclusion
People with foot pronation larger than 6 degrees develop higher plantar force over the medial foot structures with normal footwear than with motion control footwear after running for 1.5 km. The plantar force measured in motion control shoes was not different before and after the running bout. This finding has implications for injury prevention in recreational runners with appropriate footwear selection.
